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Abstract 
In the aviation industry, microburst wind shear is considered to be a major safety threat, especially in some crucial phases of 
flight like take off and landing. Recently, the air speed sensor called Doppler LIDAR (Light Detection and Ranging) which 
measures the speed of air disturbance even Clear Air Turbulences (CAT) in front of the aircraft is developed. In order to utilize 
measurement data of Doppler LIDAR, we design the model predictive flight controller to avoid accidents caused by microburst 
wind shear in the landing configuration assuming the prior information would be obtained by Doppler LIDAR. The effectiveness 
of the proposed controller, numerical simulations are carried out, in which the plant uncertainties in the aircraft states and the 
measurement errors in the prior disturbance information are considered. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
When the number of aircrafts increases and we have to reduce the accident rate, air disturbance affecting safety 
operation of aircraft is one of essential problems. Among the air disturbance, a microburst wind shear is considered 
to be a major safety threat in the aviation industry, especially in some crucial phases of flight like take-off and 
landing. A microburst is a strong localized downdraft that causes a significant outflow as it impacts the ground. The 
hazard of microburst encounter occurs when a head wind rapidly shifts to a tail wind as the aircraft penetrates the 
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outflow, which reduces the airspeed and the rate of climb of the aircraft [1]. Therefore when the aircraft encounters 
microburst in the landing configuration, the pilot has to control the aircraft carefully not to separate from the glide 
path by anticipating the future wind velocity. By designing the on-line flight controller for microburst, the mental 
burdens to the pilots could be reduced and the operation mistakes which cause the serious accidents could be 
prevented. In recent decades, some studies have been undertaken to develop the optimal controller in the landing 
configuration in presence of the microburst [2,3,4]. In these studies, however, the optimal control command and its 
trajectory are calculated in off-line assuming that the complete deterministic knowledge of microburst could be 
obtained. Therefore these controllers might not optimize the flight trajectory when the prior microburst information 
could not be obtained or the wind velocity changes. Therefore, we try to calculate the optimal control command for 
the flight trajectory in on-line by using the prior air disturbance information which could be measured successively. 
Recently the air speed sensor called Doppler LIDAR (Light Detection and Ranging) which measures the speed of 
air disturbance in front of the aircraft is developed. Because this sensor measures the prior information of air 
disturbance by detecting the scattering light and reflected light from airborne dust in front of the aircraft, even the 
prior information of clear air turbulence (CAT) could be measured. In this paper, we propose the flight controller to 
avoid accidents when the aircraft encounters the microburst assuming the prior wind velocity information would be 
obtained by Doppler LIDAR. In order to utilize the prior disturbance information, Model Predictive Control (MPC) 
is applied as the flight control algorithm. Since MPC is formulated as a quadratic programming (QP) problem within 
a finite time interval, and is easily solved numerically on-line. Considering only the longitudinal flight control, we 
utilize the longitudinal dynamics model. The prediction horizon which represents how many time steps the 
controlled variables behavior is predicted is the most important parameter in MPC computation. We investigate the 
effect of the predictive horizon on the performance of the model predictive controller. In addition, the numerical 
simulation results are shown, in which the plant uncertainties in the aircraft states and the measurement errors in the 
prior air disturbance information are considered.  
This paper is organized as follows. Section 2 is devoted to microburst modeling. In Section 3, the longitudinal 
dynamics model of the aircraft are shown. Section 4 explains MPC theory description. In Section 5, the results of the 
numerical simulations which demonstrate the applicability of the presenting method are given. Section 6 
summarizes the results and gives some recommendations for the future works. 
 
Nomenclature 
X, Z  Inertial coordinate system      m 
Ug, Wg  Vicroy’s microburst velocity components in inertial coordinate system  m/s 
c1, c2  Constants in Vicroy’s microburst model 
αV  Empirical shaping function variable in Vicroy’s microburst model 
λ  Empirical model scaling factor in Vicroy’s microburst model   1/s 
um  Maximum outflow velocity in Vicroy’s microburst model   m/s 
zm  Altitude of maximum horizon wind in Vicroy’s microburst model  m 
rp  Radius of the peak outflow wind in Vicroy’s microburst model  m 
x0  X-coordinate of microburst center     m 
u, w  Aircraft velocity perturbation components from trim in body coordinate system m/s  
U, W  Aircraft velocity components in body coordinate system   m/s 
V   Aircraft speed       m/s 
VAS  Airspeed        m/s 
Θ  Pitch angle       deg 
θ  Pitch angle perturbation from trim     rad 
q  Pitch angle rate       rad/s 
α  Angle of attack       deg 
h  Gap between aircraft and glide path     m 
δe, δec  Elevator angle and command value     rad 
δth, δthc  Thrust force deflection from trim and command value  N 
Tδe, Tδth  Time-lag of elevator actuator and engine system    s 
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L, D  Lift and drag       N 
T  Thrust force       N 
M  Pitching moment or Mach number     Nm 
α   Speed of sound       m/s 
CL, CD  Lift and drag coefficients 
CM  Moment coefficient about pitch 
m  Mass        kg 
c   Mean aerodynamic chord      m 
S  Reference wing area       m2 
IYY  Moment of inertia in pitch      kgm2 
ρ  Air density       kg/m3 
g   Gravity acceleration       m/s2 
Ts  Sampling time       s 
x   State vector 
u   Input vector 
d   Air disturbance vector 
y   Controlled variable vector 
yr  Reference vector of controlled variable 
Hp, Hu  Prediction and control horizons 
(*)0  Values in trim 
2. Microburst model 
Vicroy’s microburst model used for our study is three-dimensional model [1,5]. The flow mass continuity 
equation and the boundary layer effects are considered in this model. Vicroy’s model is considered as the most 
realistic analytical description for microburst presented now [3]. As we consider only the longitudinal flight control, 
Vicroy’s model is simplified to a two-dimensional microburst model. The wind velocity components at (X, Z) are 
given by: 
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         (2) 
In this model, there are 5 parameters, i.e. the maximum outflow velocity, um, the altitude of maximum horizon wind, 
zm, the radius of the peak outflow wind, rp, the empirical shaping function variable, αV (αV=2 is recommended by 
Vicroy based on his observation of Terminal Area Simulation System) and the X-coordinate of microburst center, x0. 
The scaling factor λ is given by: 
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Fig. 1. Vicroy’s microburst model in two-dimension. 
Figure 1. shows Vicroy’s two-dimensional microburst in the inertial coordinate system. Then zm is selected as 100 m, 
rp is assumed to be 1000 m, αV is taken as 2, x0 is selected as -2000 m. 
3. Longitudinal dynamics model of aircraft 
In this section, we explain about the longitudinal dynamics model of the aircraft used in our simulations. Because 
the discrete-time linear model is utilized in MPC algorithm, Section 3.1 is devoted to the description of the discrete-
time linear longitudinal dynamics model. In Section 3.2, Non-linear longitudinal dynamics model which gives the 
actual motion of the aircraft is shown. 
3.1. Discrete-time linear longitudinal dynamics model 
For the application of the aircraft longitudinal dynamics to MPC algorithm, discrete-time linear dynamical 
system in the landing configuration is discussed in this section. We assume that the elevator actuator and engine 
system could be modeled by the following first order lag: 
δe = −δe +δec( ) /Tδe         (4) 
δth = −δth +δthc( ) /Tδth        (5) 
Considering the effect of the air disturbance, the discrete-time linear dynamical system in the landing 
configuration is modeled by: 
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q =M / IYY          (12) 
θ = q          (13) 
B gα α α= +         (14) 
The controls enter the dynamics equations through aerodynamic and thrust forces and moment which are given 
by: 
2 / 2AS LL V SCρ=         (15) 
2 / 2AS DD V SCρ=         (16) 
0 thT T δ= +          (17) 
2 / 2AS MM V ScCρ=         (18) 
According to NASA’s aircraft handling qualities data [6], the aerodynamic coefficients of Boeing 747 in the 
landing configuration are expressed as functions of angle of attack, angle of attack rate, pitch angle rate, Mach 
number, and elevator angle as follows: 
CL =CL0 +CLα α −α0( )+CL α
c
2V0
α +CLq
c
2V0
q+ qg( )+CLM M −M 0( )+CLδeδe  (19) 
( )0 0D D DC C C α α α= + −        (20) 
CM =Cmα α −α0( )+Cm α
c
2V0
α +Cmq
c
2V0
q+ qg( )+CmM M −M 0( )+Cmδeδe  (21) 
where CL0 and CD0 are the lift and drag coefficients in the trim. 
4. Model Predictive Control (MPC) 
Model Predictive Control (MPC) is a discrete method that is well known in optimal control [7,8,9]. MPC is 
advantageous when the states or inputs have constraints and also when the disturbances can be measured in advance. 
MPC controller uses a plant model that is the discrete-time linear system described as Eq. (6). The optimal input 
vector at the time k is calculated by minimizing the following quadratic evaluation function Jk: 
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where (*)k+1,k is denoted as the predicted values in (k+i) at the time k, Q and R are the weighting matrices about the 
controlled variables and the inputs. The prediction horizon Hp represents how many time steps the controlled 
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variables behavior is predicted. The control horizon Hu is how many time steps the inputs optimizing the controlled 
variables can be changed. In general, the control horizon is needed to be no more than the prediction horizon. Here, 
we explain about the following trajectory used in MPC theory: 
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where Xk is the state vector trajectory, ΔUk represents the input difference trajectory, Uk is defined as the input 
vector trajectory, Dm k is the sequence of the future air disturbance vector, Yk represents the trajectory of the 
controlled variable vector, and Yr k is denoted as the reference trajectory of the controlled variable vectors. Yr k is 
given at each time. Thus when Dm k can be obtained by using Doppler LIDAR, Yk becomes the function of only ΔUk. 
Then the input difference trajectory minimizing the quadratic evaluation function Jk can be calculated by solving the 
quadratic programing (QP) problem. If the states or inputs are constrained, the constraints is needed to be expressed 
in the linear inequalities as follows: 
0 ,  0 ,  0
1 1 1
k k k⎡ ⎤ ⎡ ⎤ ⎡ ⎤≤ ≤ ≤⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦
ΔU U X
E F G      (24) 
where E, F, and G are the constant matrices. These inequalities can be combined into the linear matrix inequality 
about ΔUk, From the above, the optimal input difference trajectory ΔUk which fulfills the constraints is obtained by 
solving the QP problem given by: 
1min  subject to 
2k
T T
k k k k
⎡ ⎤+ ≤⎢ ⎥⎣ ⎦ΔU
ΔU ΦΔU ΔU ΩΔU ωϕ     (25) 
where Φ, φ, Ω, and ω are the matrices made of some of the constant matrices A, Bu, Bd, C, Q, R, E, F, G, Yr k and 
the determinate vectors xk, uk-1.  
The optimal input vector uk,k can be obtained from ΔUk and uk-1. When the weighting matrices are positive definite, 
the optimization problem becomes the convex QP problem for which the solution for the optimal input difference 
trajectory is unique [9]. 
5. Numerical simulations 
In this section, we show the numerical simulations in which the aircraft encounters the microburst in the landing 
configuration. The aircraft used for our simulations is Boeing 747 powered by four JT9D-7A turbofan engines. In 
addition, we consider that the wind is not blowing except the microburst and the wind field is fixed. 
Section 5.1 is devoted to the explanation about the trim condition and the constraints in the simulations. In 
section 5.2, the method for the measuring the air disturbance by Doppler LIDAR is described. The microburst model 
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utilized for the simulations is noted in Section 5.3. In Section 5.4, the simulation results are given. As stated in 
Section 3.1, the state vector is defined by x=[u w q θ h δe δth]T , the input vector is taken as u=[δec δthc]T, the 
controlled variable vector is denoted by y=[h u θ]T, and the air disturbance vector is defined by d=[ug αg qg]T. 
 
 
Fig. 3. Trim condition and inertial coordinate system. 
5.1. Trim condition and constraints 
The aircraft starts the approach to landing in the following trim condition: the aircraft speed V0 is 67.4 m/s, the 
pitch angle Θ0 is 5.5 [deg], the angle of attack α0 is 8.5 [deg], the flight height is 400 m, the flight angle is -3 [deg]. 
We consider that the aircraft descends to an altitude of 50 m along the glide path. Figure 3 shows the trim condition 
and the inertial coordinate system used in the numerical simulations. The thrust force in the trim is taken as 
T0=2.40×105 [N].  
The stall angle of attack αstall and the stall speed Vstall are defined as 16.4 [deg] and 56.2 [m/s]. Here, we give the 
constraint to the maximum value of αB as αBmax=14.4 [deg] with margin. This constraint can be expressed as the 
following constraint of the states: 
0 0
0 2
0
180 14.4B
W u U w
V
α α
π
− +
+ × ≤       (26) 
In addition, considering the performance of the elevator actuator and the turbofan engines, we give the constraints to 
the states and the inputs as follows: 
δec ≤
20×π
180
 , δec ≤
20×π
180
 ,  − 2.20×105 ≤ δthc ≤ 6.12×10
5    (27) 
δe ≤
20×π
180
 , δe ≤
20×π
180
 ,  − 2.20×105 ≤ δth ≤ 6.12×10
5    (28) 
5.2. Measurement of air disturbance 
We assume that Doppler LIDAR is the one-directional sensor fixed in the aircraft and can measure the air 
disturbance vectors along the laser light at equal intervals. Figure 4 illustrates the method for measuring the air 
disturbance vectors at the time k. In Fig. 4, the air disturbance vectors of which the components are noted in Section 
3.1 are measured by Doppler LIDAR. By combining these vectors, the air disturbance vector trajectory Dm k is 
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5.4. Simulation results 
 In this section, we show the simulation results. Section 5.4.1 is devoted to the results without the plant 
uncertainties and the measurement errors of the air disturbance. Then we show the difference of the states and inputs 
behavior according to the number of the prediction steps. In Section 5.4.2, the results with the plant uncertainties 
and the measurement errors are shown. We apply the aircraft discrete-time linear dynamical system to MPC 
algorithm and use the non-linear longitudinal dynamics model for the calculations of the actual states behavior. The 
stability derivatives of Boeing 747 and the other values used for the numerical simulations are presented in 
Appendix A. 
The sampling time is taken as Ts =0.1 [s], and the weighting matrices in MPC are determined as: 
5
2
6
6
50 0 0
5.0 10 0
0 1.0 10 0  ,
0 1.0 10
0 0 1.5 10
−
⎡ ⎤
⎡ ⎤×⎢ ⎥= × = ⎢ ⎥⎢ ⎥ ×⎣ ⎦⎢ ⎥×⎣ ⎦
Q R    (30) 
We consider that the control horizon Hu is the same value as the prediction horizon Hp. Then the simulation 
parameter Hp is given by: 
20, 40, 60, 80pH =        (31) 
5.4.1. Simulation results without plant uncertainties and measurement errors 
Figure 6 shows the flight trajectory of the aircraft encountering the microburst, the behavior of the angle of attack 
and that of the airspeed. In Fig. 7. (a), the behavior of the ground speed, the pitch angle, the constrained angle αB, 
and the manipulated variables are presented. 
In Fig. 6, all the trajectories for the landing track the glide path with an acceptable deficiency and fulfilling the 
constraints of the angle of attack and the airspeed. Then the trajectories track the glide path more closely along with 
the increase of the prediction horizon Hp. The larger the prediction horizon, the more prior information like the wind 
direction change is used for the optimal control. Therefore along with the increase of the prediction steps, the 
elevator angle and the thrust are controlled more properly and earlier in Fig. 7. (b). For example, when the aircraft 
encounters the head wind at near X=-5000 [m], the thrust is decreased and the elevator angle is increased in order to 
track the glide path by making the lift decrease. In the case of Hp=80, this behavior is conducted earliest of four 
samples. In Fig. 6 and 7, the flight trajectory and the states behavior in the case of Hp=80 are much the same as 
those in the case of Hp=60. It follows this that the further improvement of the flight trajectory by increasing the 
prediction steps can’t be expected. 
From Fig. 7. (a), you can see that the angle αB is mostly subject to the constraint shown in Eq. (26). When αB 
unavoidably exceed αBmax=14.4 [deg], the elevator angle and the thrust force are increased to the full subject to Eqs. 
(27)-(28). Thus the behavior of the manipulated variables are rapidly changed at the several places. 
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=255826[kg]  =511[m2]  =8.324[m] 
=41352439[kgm2] =0.1[s]  =4[s] 
• Longitudinal dimensional derivatives 
=-0.0209[1/s]  =-0.202[1/s]  =0.000384[s/m] 
=0.122[1/s]  =-0.512[1/s]  =-0.00581[s/m] 
=-0.000807[1/m] q=-1.9[m/s]  q=-0.357[1/s] 
=-1.96[m/s2]  =-0.378[1/s2]  =0.0000174[m/s2] 
=-0.000000759 [m/s2] =0.00000031 [1/s2] 
• Longitudinal non-dimensional derivatives 
=1.76  =5.67  =-6.7  q=5.65   =-
1.1 
=0.356 =0.263 =1.13  =-1.45 =-3.3 
q=-21.4 =0.36 =-1.4 
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